The MTBDRsl assay (Hain Lifescience GmbH, Germany) is a new line probe assay for the detection of extensively drug-resistant tuberculosis (XDR TB). The test simultaneously detects resistance to ethambutol, aminoglycosides/cyclic peptides, and fluoroquinolones through detection of mutations in the relevant genes. The assay format is identical to the MTBDR Hain assay. The assay was evaluated for the detection of second-line-drug resistance in Vietnamese isolates using two sample sets from the microbiology department of Pham Ngoc Thach Hospital, Ho Chi Minh City, Viet Nam, with existing conventional phenotypic drug susceptibility results for second-line drugs: 41 consecutive fluoroquinolone-resistant isolates and 21 consecutive multidrug-resistant but fluoroquinolone-sensitive isolates. The sensitivity for detection of fluoroquinolone resistance was 75.6% (31/41) (95% confidence interval [95% CI], 59.7% to 87.6%), and for kanamycin resistance, the sensitivity was 100% (5/5) (95% CI, 47.8% to 100%). The sensitivity of the test for detection of ethambutol resistance was low, consistent with previous reports, at 64.2% (34/53) (95% CI, 49.8% to 76.9%). The specificity of the test was 100% for all three drugs. These data suggest that the MTBDRsl assay is a rapid, specific test for the detection of XDR TB but should not be used exclusively to "rule out" second-line-drug resistance. Further operational evaluation is required and should be integrated with evaluations of the MTBDR test.
The World Health Organization (WHO) has estimated that 5% of all tuberculosis (TB) cases globally are now multidrugresistant tuberculosis (MDRTB) (resistance to at least rifampin [RIF] and isoniazid [INH] ), based on data acquired since 2000 from more than 100 countries (14) . Every year, an estimated 490,000 new cases of MDRTB occur, causing more than 130,000 deaths (14) . In 2006, the documentation of a rapidly fatal TB outbreak among hospitalized HIV patients in Kwa Zulu Natal, South Africa (5) led to the definition of extensively drug-resistant tuberculosis (XDR TB) as TB resistant to a fluoroquinolone and injectable second-line drug (amikacin, capreomycin, or kanamycin) in addition to isoniazid and rifampin. XDR TB has subsequently been reported from over 50 countries by WHO (14) . It is likely that the majority of XDR TB cases worldwide remain undetected due to the lack of second-line-drug testing in most high-burden settings. There are an estimated 40,000 new cases of extensively drug-resistant tuberculosis each year (15) .
The recognition of XDR TB worldwide has made timely identification of XDR TB cases to achieve effective disease management and to prevent their spread a priority (3, 8) .
Significant challenges exist; although standard protocols exist for second-line-drug susceptibility testing, strong evidence is lacking on many factors, such as the reproducibility and reliability of results, applicability of MIC to clinical outcomes, and intermethod variability. Proficiency testing for second-linedrug susceptibility testing has only recently been integrated into the supranational reference laboratory panel in an effort to improve standardization of second-line drugs across the WHO reference laboratory network. Conventional drug resistance testing takes more than 2 weeks to return a result even after a positive culture has been isolated. Rapid commercial liquid-based culture systems, such as Bactec MGIT 960 testing (Becton Dickinson), for secondline drugs are not yet formally FDA/WHO approved but are reported to be accurate, widely used in developed settings, and reduce turnaround times to approximately 8 days (7) . In recent years, many second-line-drug susceptibility testing methods have been developed. The most rapid results are achieved by direct testing of patient specimens by molecular methods; however, in addition to the high cost of such tests, the sensitivity remains suboptimal, and rigorous contamination control is required to maintain accuracy. The majority of high-burden settings currently lack the resources to implement such tests effectively. Two commercial DNA strip assays, INNO-LiPA RifTB (Innogenetics, Zwijndrecht, Belgium) and MTBDRplus (Hain Lifescience GmbH, Germany), targeting the rpoB plus katG and inhA genes have been extensively evaluated for use with Mycobacterium tuberculosis culture and directly on sputum to identify MDR TB cases (2, 10). The Foundation for Inno-vative Diagnostics (FIND) demonstration projects in South Africa of the GenoType MTBDRplus assay resulted in the recommendation of commercial line probe assays for use in high-burden settings by WHO (16) . This assay is based on a multiplex PCR in combination with reverse hybridization. Either the absence of wild-type bands or the appearance of bands targeting specific mutations indicates the presence of a resistant strain. MDR TB cases can be detected within 1 or 2 days of sputum sampling using this assay.
In order to rapidly detect second-line-drug resistance, the MTBDRsl test (Hain Lifescience GmbH, Germany) has been developed. This assay can detect mutations in gyrA, rrs, and embB genes, detecting resistance to the fluoroquinolones (FQ), aminoglycosides/cyclic peptides, and ethambutol (EMB), respectively, with a single assay. A previous evaluation study in Germany showed that this assay has a high accuracy for FQ and amikacin-capreomycin resistance testing in clinical strains and sputum samples (6) . EMB detection was specific (100%), but its sensitivity (69.2%) was low.
The MTBDRsl assay contains 22 probes, including 16 probes for gene mutation detection and 6 probes for the control of the test procedure. The six control probes include a conjugate control (CC), an amplification control (AC), a Mycobacterium tuberculosis complex control (TUB), and three locus probes (gyrA, rrs, and embB) for gene amplification control. The remaining probes detect FQ resistance (gyrA), amikacin/capreomycin resistance (rrs), and ethambutol resistance (embB). The probes contained in the assay do not detect all mutations in these genes but are targeted to the most commonly occurring mutations.
The aim of the present study was to determine the accuracy of this assay for detection of FQ, kanamycin, and ethambutol resistance against conventional phenotypic testing as the gold standard on Vietnamese isolates of M. tuberculosis.
MATERIALS AND METHODS

Samples.
Two sample sets with a high prevalence of second-line-drug resistance were used for evaluation. A total of 41 consecutive FQ-resistant isolates from individual patients were collected from Pham Ngoc Thach Hospital in Viet Nam between July 2005 and July 2006 (12) . A set of 21 consecutive pulmonary MDR, FQ-sensitive isolates from individual patients collected at Pham Ngoc Thach Hospital between January and March 2005 was used to assess specificity of FQ resistance detection (4) . Drug susceptibility testing (DST) is not routine in the Vietnamese national TB program and is done only on request from the treating clinician, usually following treatment failure or relapse. The outcome and follow-up data were not available for any of the patients.
Drug susceptibility testing. Conventional 1% proportion phenotypic drug susceptibility testing (DST) on Lowenstein Jensen (LJ) medium was performed at Pham Ngoc Thach Hospital (PNT) Laboratory. All samples were tested for resistance to isoniazid (0.2 g/ml), rifampin (40 g/ml), streptomycin (STR) (4 g/ml), ofloxacin (2 g/ml), ethambutol (EMB) (2 g/ml), kanamycin (20 g/ ml), thioacetone (10 g/ml), pyrazinamide (PZA) (200 g/ml), ethionamide (40 g/ml), cycloserine (30 g/ml), and para-aminosalicylic acid (PAS) (0.5 g/ml). Pham Ngoc Thach Laboratory is the national reference laboratory for southern Vietnam and participates in WHO supranational proficiency testing for DST for all first-line drugs, FQ, and kanamycin. The performance of this laboratory is consistently higher than the minimum requirement.
MTBDRsl assay. PCR and hybridization were performed according to the manufacturer's instructions. For amplification, 35 l of primer nucleotide mix (PNM) (provided in the kit), 5 l of 10ϫ amplification buffer (Qiagen), 1.2 l of 2.5 M MgCl 2 (Qiagen), 5 l of DNA (15-ng/l) and water was added to a final volume of 50 l. The PCR products were denatured by denaturing solution at room temperature, followed by hybridization with hybridization buffer at 45°C for 30 min in a shaking water bath. After stringent washing of the PCR products, hybridization was detected by colorimetric reaction. To control for cross contamination, water in lieu of DNA template was added to one negative control included in each run.
gyrA sequencing. The quinolone resistance-determining region (QRDR) in gyrA was sequenced in all isolates to evaluate discrepancies between the MDRTBsl assay and phenotypic testing. All samples were cultured on LJ medium, and DNA was extracted for sequencing using standard methods (12) . Primers GYRATBF (5Ј-CAG CTA CAT CGA CTA TGC GA-3Ј) and GYRATBR (5Ј-GGG CTT CGG TGT ACC TCA T-3Ј) were used to amplify a 320-bp fragment of the gyrA gene (12) . Sequencing of PCR product was carried out with CEQ 8000 genetic analysis system (Beckman Coulter), and the results were analyzed with CEQ8000 software.
Statistics. Data were analyzed with Stata 9 (Statacorp). McNemar's test was used to estimate agreement between the tests. The sensitivity, specificity and 95% confidence intervals (95% CIs) were calculated for each drug.
RESULTS
Phenotypic DST results. Table 1 summarizes drug susceptibility patterns of FQ-resistant and FQ-sensitive isolates included in the study. Of the 41 FQ-resistant isolates, 43.9% (18/41) were resistant to INH, RIF, STR, EMB, and PZA but sensitive to all second-line drugs. Three isolates (7.3%) were MDR strains resistant to kanamycin in addition to ofloxacin and therefore XDR TB. One of these XDR isolates showed resistance to all second-line drugs tested except PAS.
Among the FQ-sensitive isolates, all isolates were resistant to INH, RIF, STR, and EMB. Specifically, 57.1% (12/21) isolates were resistant to INH, RIF, STR, and EMB but sensitive to PZA and all second-line drugs tested. The remaining isolates showed a range of second-line DST profiles.
MDRTBsl assay. Representative hybridization patterns obtained are shown in Fig. 1 . Interpretable results were obtained for all cultures tested.
FQ resistance. The concordance between phenotypic testing and the MDRTBsl assay was 83.9% (52/62) for detecting FQ resistance (Table 2 ) (P ϭ 0.002). The sensitivity of the MTBDRsl assay for detecting FQ resistance was 75.6% (31/ 41) (95% CI, 59.7 to 87.6). The specificity was 100% (95% CI, 83.9% to 100%).
The gyrA gene in the isolates were sequenced to evaluate discrepancies. Of 41 isolates, 33 (80.4%) had identical results by sequencing and the MTBDRsl assay (Table 3) . Of those isolates with discrepant sequencing/MTBDRsl results, all but one isolate (FQ1319) had the same resistant/sensitive classification by both tests. This isolate had no mutation detected by sequencing but showed the presence of D94N gyrA mutation (MUT3B) by the MTBDRsl assay. For the seven remaining discrepant isolates, one sample (FQ1150) hybridized to the D94G mutation probe (MUT3C) by the MDRTBsl assay, but sequencing showed a D94N mutation, which should hybridize with probe MUT3B by the MTBDRsl assay. One isolate (FQ1155) was recorded as resistant by the MTBDRsl assay, because no hybridization was detected for the WT3 probe (D94X), but this isolate did not hybridize to any mutant probe. Mutation D94Y was shown by sequencing, which should have given hybridization for probe MUT3B by the MTBDRsl assay.
Two samples (FQ1162 and FQ1281) had D94G mutations only by the MTBDRsl assay, but both D94G and A90V mutations were detected by sequencing; however, this was probably a consequence of a mixed wild-type-resistant population, as detected by sequencing. In both cases, the A90V mutant peak was only 30% of the wild-type height, indicating that the wildtype population appeared to be predominant.
The remaining three isolates (FQ1283, FQ1297, and FQ1298) showed multiple mutations with the MTBDRsl assay which were not all detected by sequencing. All of these samples recorded a resistant result by both tests. These discrepant results may have been due to cross contamination, but the seven discrepant isolates were tested again by the MTBDRsl assay and gave identical results, and no contamination was observed in negative controls or in FQ-sensitive isolates. , resistant to EMB; lane 7, resistant to FQ and EMB); lanes 8, 9, 10, and 11, strains containing wild-type and FQ-resistant populations. Specific probes are as follows: CC, conjugate control; AC, amplification control; TUB, Mycobacterium tuberculosis complex control; gyrA, gyrA gene amplification control; gyrA WT1 to WT3, gyrA wild-type probes; gyrA MUT1, gyrA MUT2, and gyrA MUT3A to MUT3D, gyrA mutant probes for A90V, S91P, D94A, D94N, D94Y-D94G, and D94H, respectively; rrs, rrs amplification control; rrs WT1 and WT2, rrs wild-type probes; rrs MUT1 and MUT2, rrs mutant probes for A1401G and G1484T, respectively; embB, embB amplification control; embB WT1, embB wild-type probe I codon 306; embB MUT1A and embB MUT1B, embB mutant probes for M306I and M306V, respectively. The difference may therefore be due to differential amplification of targets by the PCRs for MTBDRsl and sequencing. Aminoglycoside resistance. The sensitivity (5/5) (95% CI, 47.8% to 100%), specificity (57/57) (95% CI, 93.7% to 100%), and concordance were all 100% for kanamycin resistance (P ϭ 1). Mutations detected in rrs by the MTBDRsl assay were A1401G (4/5 [80%]) and G1484T (1/5 [20%]) (Table 4) .
Ethambutol resistance. The concordance for detection of EMB resistance was 69.4% (43/62) (P Ͻ 0.001). The sensitivity for detection of EMB resistance was 64.2% (34/53) (95% CI, 49.8% to 76.9%). The specificity was 100% (9/9) (95% CI, 66.4% to 100%). The most common mutation detected in embB by the MTBDRsl assay was M306V in 45.3% (24/53) of EMB-resistant isolates. Mutations at ATG306ATC/ATT (5/53 [9.4%]) and M306I (7/53 [13.2%]) were also detected. Two isolates with mutation M306I and one isolate with mutation M306I were mixed wild-type-resistant populations, and one isolate had both M306I and M306V mutations in addition to the wild-type codon (Table 4) .
DISCUSSION
The MTBDRsl assay is a specific test for the detection of resistance to fluoroquinolones, ethambutol, and kanamycin in M. tuberculosis. The sensitivity of this assay is variable for different drugs; therefore, this test should not be used to "rule out" resistance to second-line drugs, but it is an accurate rapid screening test for the identification of second-line drug resistance, especially in suspected cases of XDR TB. Detection of ethambutol (64.2%) resistance in Vietnamese isolates is similar to that previously reported by Hilleman et al. (6) for iso- lates from Germany and Brossier et al. from France (3a) at 69.2% and 57.0%, respectively. Similarly for kanamycin resistance, the sensitivity was 100% in this study and 86.7% and 77% in the other studies (6) . Only a small number of kanamycin-resistant isolates were available for testing in all studies (n ϭ 5, n ϭ 8, and n ϭ 13), and testing of a larger number of aminoglycoside-resistant isolates is required to define sensitivity accurately. Detection of FQ resistance was lower in this study (75.6%) than for German (90.6%) and French (87.0%) isolates, due to a larger percentage of FQ-resistant isolates without mutations in the gyrA region. We encountered similar rates of heteroresistance-the presence of mixed wild-type/ resistant populations, as detected by different peaks by sequencing. This has now been reported from several settings, including Germany, Russia, and Vietnam (6, 9, 12) . The reasons why mixed populations of fluoroquinolone-resistant/sensitive populations are frequently detected whereas they are not for the other TB drugs remains unclear but may be related to their over-the-counter availability and widespread short-course use as broad-spectrum antibiotics for the treatment of respiratory infections, allowing resistant populations to emerge but not be fully selected. The low detection rate of ethambutol resistance is consistent with reports from other settings, with embB mutations accounting for between 30 and 70% of ethambutol-resistant isolates (1, 18) . This underlines the need to identify other mutations for ethambutol resistance in order to improve the sensitivity of molecular tests, including line probe assays, for ethambutol resistance detection.
It was previously thought that cross-resistance among the amikacin and kanamycin aminoglycosides was total; however, substantial recent data have demonstrated that this is not the case (11, 13, 17) . Specific mutations appear to confer complete cross-resistance, while others do not. For example, eis promoter mutations confer low-level resistance to kanamycin but not amikacin (17) .
Line probe assays may offer the further advantage of identifying specific mutations conferring resistance which may allow the tailoring of optimized individual treatment regimens for patients based on MIC/cross-resistance patterns which would be a particular advantage in XDR TB patients where effective treatment options are severely restricted. However, further research is required to elucidate the nature of such cross-resistance patterns before clinical recommendations can be made.
The WHO recommends the use of commercial line probe assays (INNO-LiPA and Hain) for the rapid detection of MDR TB within national TB programs with the capacity to implement appropriate laboratory infrastructure, staff training, contamination control, external quality assessment schemes, standardized operating procedures, rapid reporting of results, and availability of quality-assured second-line drugs. Preliminary economic analysis suggests that line probe assays may offer cost savings over conventional practices: the cost per valid MTBDRplus assay result in South Africa was $19.56 when performed directly on primary specimens compared to $31.12 for MGIT culture and conventional DST (7H11 medium). Although this cost assessment did not include the costs of establishing laboratory infrastructure and staff training for molecular assays and will vary in different settings, these data suggest that commercial line probe assays are economically viable in some high-burden settings (16) .
This study evaluated the performance of the MTBDRsl assay on DNA extracted from cultural isolates and did not evaluate performance of the test directly on sputum samples. Hilleman et al. (6) evaluated 64 sputum samples and achieved good sensitivity, but further data are required on performance directly on sputum. However, initial evaluations of the MTBDRsl test suggest that it may achieve performance characteristics similar to those of the line probe assays currently available for the detection of MDR TB and could be implemented for the timely identification of XDR TB cases in settings already performing the MDR TB assays. The rapid identification of XDR TB cases will allow early initiation of appropriate therapy and infection control and prevent further amplification of drug resistance. Operational studies should be conducted to evaluate the performance of the test in high-burden settings and to determine the optimal algorithms for implementation of the test by national TB programs in settings of high drug resistance. a Probe names as given in the MTBDRsl manual (5a) (see Fig. 1 ). ⌬WT indicates lack of hybridization to the wild-type probe.
